Abstract--Experimental cation exchange capacities (CEC) of kaolinites were determined and compared to theoretical calculations of CEC. The comparison reveals that the exchangeable cations occur mostly on the edges and on the basal (OH) surfaces of the mineral. It also shows that permanent negative charge from isomorphous substitution of AP + for Si 4+ is insignificant. The CEC of kaolinite strongly depends on the particle size (both thickness and diameter in the (00l plane) and pH value. Particle size is more important than crystallinity in affecting kaolinite CEC. This study shows that the hydroxyls on the exposed basal surfaces may be ionizable in aqueous solutions. The amount of negative charge on the edges and the exposed basal hydroxyls depends on pH and other ion concentrations. A higher pH value gives rise to more negative charges, which lead to a higher CEC value. This study indicates that charge from broken edges and exposed OH planes rather than charge from A1/Si substitution determines the kaolinite CEC, even at zero point charge. A high CEC in some kaolinites is found to be due to smectite layers on the surface of the kaolinite crystals.
INTRODUCTION
Clay minerals have the property of absorbing certain ions and retaining them in an exchangeable state. Except for smectites and vermiculites, exchangeable ions are held on external surfaces of the mineral, and the exchange reaction does not affect its structure. Vastly more information is available regarding cation exchange than anion exchange. In clay minerals the most common exchangeable cations, in order of usual relative abundance, are Ca 2+, Mg 2+, H +, K +, NH4 +, Na + (Grim, 1968) . It is commonly believed that cation exchange occurs due to the broken bonds around the crystal edges, the substitutions within the lattice, and the hydrogen of exposed surface hydroxyls that may be exchanged. The clay minerals are not the only components having CEC. All minerals of extremely small particle size have a small CEC as a result of broken bonds around their edges. This capacity increases as the particle size decreases, but even at the smallest size in which non-clay minerals occur associated with clays, the exchange capacity due to broken bonds is relatively insignificant (Grim, 1968) .
Kaolinite has a heterogeneous surface charge. The basal siloxane surfaces of kaolinite are believed by many (van Olphen, 1977; McBride, 1976; Rand and Melton, 1977; Williams and Williams, 1978) to carry a constant structural charge due to the isomorphous substitution of SP + by AP § whereas the charge on the edges is due to the protonation/deprotonation of exposed hydroxyl groups and therefore depends on the * Present address: Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125. solution pH. McBride (1989) proposed that isomorphous substitution in kaolinite generates about 0.01 mol Kg 1 of permanent charge but gave no details. The attribution of surface charge in kaolinites to isomorphous substitution is called the Constant Basal Surface Charge model (Zhou and Gunter, 1992) . Bolland et al., (1976) concluded that most of the negative surface charge on kaolinite is pH independent and is likely to be due to isomorphous substitution. Grim (1968) concluded that the surface negative charge of kaolinite is derived mainly from broken bonds around the edges and from exposed basal hydroxyls. Unlike broken bonds, the hydrogen of exposed hydroxyls is an integral part of the structure and may be replaced by an exchangeable cation. However, Grim (1968) also suspected that such hydrogens would probably be relatively tightly held compared with those associated with broken bonds and hence, in the main, not be replaceable. He suggested that exchange capacity from exposed hydroxyls would be important for kaolinite and halloysite because of the presence of the sheet of hydroxyls on one side of the basal crystal or cleavage surface. In a number of isotopically labelled ion-exchange experiments, Ferris and Jepson (1975) found that cation uptake by kaolinite depends upon the cation chosen, the electrolyte concentration, and the solution pH. They concluded that a structural charge did not exist on the basal surface of their sampies. A nuclear magnetic resonance (NMR) study of Cs-133 exchange on kaolinite by Kim et al., (1996) implied that basal surfaces are important adsorption sites along with edge sites and expandable sites.
The controversy over whether isomorphous substitutions contribute significantly to kaolinite CEC has Copyright 9 1999, The Clay Minerals Society continued for some time. This paper tries to clarify the causes of kaolinite CEC and to determine the nature of kaolinite surface charge. To do so, the theoretical CEC of platy kaolinite was calculated through a structural approach.
THEORETICAL CEC
We assume that the origins of kaolinite CEC are broken bonds at crystal edges (i.e., {110} and {010} planes), exposed hydroxyls on an octahedral cover sheet on one side of a kaolinite crystal (as illustrated in Figure 1 ), and isomorphous substitutions of Si by A1 in the surface tetrahedral sheet or all tetrahedral sheets within the crystal lattice. This section alms to calculate CEC from these different origins. For the convenience of discussion, CEC of edges is referred to as CECe, CEC of surface basal hydroxyls as CECb, and CEC of isomorphous substitutions from one basal tetrahedral sheet as CECs. Although CEC is commonly measured in milliequivalents per 100 grams (Grim, 1968) , throughout this paper CEC is expressed in mol The unit cell parameters of ideal kaolinite (A14[Si4Oj(OH)8) used here were modified from Bailey (1984) by assuming c~ = ~/= 90~ a = 0.5139 nm, b = 0.8932 nm, c = 0.7371 nm, 13 = 104.8 ~ , Z = 1, which corresponds to a calculated density (d) of 2.62 X 10 24 (Kg nm-3).
For an ideal single crystal as illustrated in Figure 1 , where l is defined as the diameter along the [100] direction, h is the thickness along the [001] direction, then basal surface area = 3(3t/2)]8 X l 2, all edges area = 3lh, total surface area = 31h + 3(31/2)/4 x l 2, edge area % (over total surface area) Based on the above, it is clear that the specific basalsurface area depends on the crystal thickness, whereas the specific edge-surface area depends on the crystal diameter. For the edge CEC, assume a variable, x, which stands for unit negative charge per one 1 : 1 layer and varies from 0 to 2 (see Figure If the unit for size, I, is rim, then CEC e ~ 7.99(x/1), which is evaluated in Figure 3 .
Assume that y out of six OH (per unit cell) on the basal surface hydroxyl plane lost H + and became negatively charged, then Therefore, CEC b ~ 1.381(y/h), where the crystal thickness, h, has nm as its unit (see Figure 4) . To assess the CEC of isomorphous sUbstitution, assume a variable, z, which stands for tetrahedral A1 per unit cell (i.e., one out of 4/z Si of the tetrahedral sheet replaced by A1) and gives rise to a negative charge, then, the number of negative charge per one tetrahedral sheet = z • 3(31/2)/8 x 12/(ab),
where CEC~ is only from substitution in the basal surface tetrahedral sheet. If the unit for thickness, h, is nm, then CEC~ ~ 1.381(z/h), which is presented in Figure 5 .
If all substitutions within the lattice contributed to the permanent CEC, the CEC of all substitutions = CEC s x [h/c sin(104.8~ or the CEC of all substitutions = z/(abcd • sin(104.8 ~ • (6.022045 x 1023). Therefore, CEC of all substitutions is about 1.938z, which is independent of crystal size.
Based on the above calculation, the edge CEC has a positive linear relation with the specific edge area, whereas the exposed basal hydroxyl CEC and basal substitution CEC have a positive linear relation with the specific basal surface area.
EXPERIMENTAL CEC
The kaolin samples selected for CEC measurement were recovered in eastern Australia, from southern Victoria to northern Queensland, and from New Zealand. Sample information is shown in Table 1 . The kaolinite samples were from a wide range of sources and origins, studied in detail by Ma (1996) .
Various methods have been developed for measuring CEC of clay minerals (for review, see Grim, 1968; Bain and Smith, 1987) . It is widely accepted that CECs should be measured at neutral pH since the CEC values are strongly affected by pH. In this study, the method for CEC measurement was modified from the procedure developed at the CSIRO, Division of Soils (Churchman et al., 1994) . Clay fractions from each sample were separated, and approximately 0.1 g deposited onto a filter paper and washed ten times with deionized water using vacuum filtration. The exchangeable cations were then replaced by Ba using a 0.03 1 M BaC12 solution passed through the sample three times. Each specimen was then washed with deionized water at least ten times and dried at 60~ The Ba content in the fraction was measured by X-ray fluoresence (XRF) to determine the CEC. Table 2 lists CEC values for clay fractions of kaolin samples analyzed by the XRF method.
As shown in Table 2 and Figure 6 , the CEC values of kaolinite increase as the particle size (mean diaineter and thickness) decreases. For comparison with the experimental CEC, the theoretical CEC of the edges, surface basal hydroxyls, and substitutions in the surface tetrahedral sheets were calculated for primary kaolinite fractions (i.e., the pure kaolinites formed in situ) (see Table 3 ). Assumptions made in the calculations were that x = 1 (edge charge), y = 1 (surface charge), and z values were as derived from their chemical compositions. (The basis used to select x = 1 is the neutral pH for CEC measurement.) The mean thickness (h) of kaolinite crystals for each fraction was obtained from their X-ray diffraction (XRD) (001) peak using the Scherrer equation, and the mean diameter (equivalent spherical diameter or e.s.d., l) of the (001) plane was estimated from the particle size analysis. It is accepted that e.s.d, values of particle size are related to the diameters rather than to the thickness of platy clay minerals (Brown and Brindley, 1984) . Although the assumptions might vary considerably, the theoretical CEC shows a close correlation with the experimental CEC (Table 3) . This implies that diameter and thickness play an important role in cation exchange behaviour of kaolinites. The CEC of substitutions (i.e., CECs) can only be to 5% of the total theoretical CEC (Table 3) , which indicates that the CEC S is relatively insignificant.
The experimental results show that the CEC of highly crystalline kaolinites seems to be lower than that of poorly crystalline (transported) kaolinites. For instance, it is apparent that the CEC of well ordered kaolinites from weathered granite in the pallid zone at Pittong ranges from 0.028 to 0.050 mol Kg 1, whereas the CEC of poorly ordered kaolinites of secondary origin at Swan Bay is 0.16-0.34 mol Kg ~. However, the high CEC of kaolinite at Swan Bay was mainly attributed to its extreme thinness (about 15 nm along the [001] direction). It is evident that particle size is more important than crystallinity (i,e., degree of structure ordering) in affecting kaolinite CEC.
High CEC values in kaolinite samples from G1500 (Weipa) and B804 (Bunyan) are partially attributable to smectite and interstratified kaolinite/smectite impurities (Ma, 1996) . High-resolution transmission electron microscopy study showed that one or two smectite layers occur on the surface of some kaolinite particles in the two samples.
The CEC of halloysite is generally higher than that of kaolinite, as listed in Table 2 , Grim (1968) showed that halloysite 2H20 (7-A) and halloysite 4H20 (10-A) have a CEC of 0.05-0.1, and 0.4-0.5 mol Kg <, respectively. Because halloysite usually occurs with a tubular morphology, it is suspected that some exchangeable cations reside inside the tubes and cause a slightly higher CEC. In the case of an ideal platy morphology, the CEC of 7-A halloysite is theoretically similar to that of platy kaolinite. However, there is a lack of experimental CEC data for different halloysites, 
DISCUSSION
Origins of kaolinite CEC Schofield and Samson (1953) showed that only one silicon out of 400 needs to be replaced by aluminum to reach a CEC of 0.02 mol Kg ~ for kaolinite. Because such low levels of isomorphous substitution can not be detected by chemical analyses, isomorphous substitution can not be eliminated as a possible cause for CEC of low charge kaolinite. However, they gave no detail on how to reach this result. If all isomorphous substitutions within the kaolinite tetrahedral sheets contribute negative charges, according to the calculations above, the permanent CEC should be 0,019 mol Kg ~ if only one out of 400 Si is replaced by AP. Therefore, it is very likely that Schofield and Samson (1953) drew their conclusion by assuming all isomorphous substitutions within the crystal lattice give rise to the negative charges on the surfaces of kaolin crystals and contribute to the CEC. According to the principle of local charge balance, charge differences inside a crystal are not likely to be compensated far from their source, i.e., at the surface. Since kaolinite has no interlayer region, it is not possible to introduce an exchange ion to the structure, except conceivably an extra proton. No structural evidence for such a charge balance position has ever been presented. Because in reality the exchange sites are only available around the surface of the kaolinite crystal, it appears that only substitutions of Si in the surface tetrahedral sheet can contribute to the permanent CEC. One substitution per 400 Si (i.e., z = 0.01) in the surface tetrahedral sheet yields an insignificant CEC (see Figure  5 ). However, if as many as one out of eight Si of the The CEC arising from all substitutions in kaolinite is independent of particle size in the above calculations. This conclusion may be applied to other clay minerals. In the case of smectite, the CEC from substitutions in the crystal structure contributes to about 80% of the total CEC, but here the exchangeable sites occur also within the interlayers throughout each crystal. Therefore, the CEC of smectite is much less affected by particle size. This explains why the experimental CEC of smectite is independent of particle sizes (Grim, 1968) .
This structural approach to assess theoretical CEC has clarified the causes of exchange capacity for kaolinite, and provided information for evaluating the experimental CEC and the nature of its surface charge. These calculations suggest that ion exchange reactions take place on heterogeneous -SiOH and -A1OH sites but many fewer exchange reactions take place on the surface tetrahedral plane. They do not support the simple model of isornorphous substitution charges plus basic edge sites so often assumed (e.g., Bolland et al., 1976) . The calculated data show no evidence for any structural cation exchange capacity. As for the pH dependent CEC, the CEC of the edges increases with a decrease in the crystal diameter of the (001) plane, whereas the proportion of the surface CEC contributed by the basal surface hydroxyls increases with a decrease in crystal thickness along the [001] direction, The calculated CEC (CECe + CECb) for a nominal 1000 nm kaolinite crystal with an aspect ratio of 1: 10 is 0.022 mol Kg 1 when x = 1 and y = 1, which falls in the range of reported CECs. This is satisfactory theoretical evidence for the view that the exchange capacity of unground kaolinite is proportional to the area of edge faces.
pH control on CEC
It is well known that the negative charge caused by substitutions within the lattice structure is permanent and pH independent, whereas the charges on the edges and the exposed hydroxyls surface depend upon pH. The effect of pH on the CEC of kaolinite is well documented (e.g., Fen-is and Jepson, 1975) ; higher pH leads to a higher CEC value. In practice, the pH effect can be minimized by leaching or washing the sample with enough deionized water to bring it to a near neutral condition. Although the CEC of edges and the basal surface hydroxyl plane is strongly pH-dependent An increase in the [A +] concentration will push the exchange reaction towards the right and decrease Si-OH on the broken edges, which causes more absorption of cation A and gives rise to a higher edge CEC.
When [OH-] concentration increases, negative charges are developed at the edges according to the reaction, Si-OH + OH-= Si-O-+ H20. The same applies to A1-OH at edges and exposed basal surfaces. Therefore, under acidic conditions, the CEC of edges and basal surface hydroxyl planes can still contribute most to the total CEC, whereas the total CEC is lower since some exchangeable sites are occupied by hydrogen. Hence, cation exchange sites on the edges of kaolinite crystals and other phyUosilicate plates can not simply be considered to be completely inactive in the acidic range of pH. In other words, the kaolinite CEC measured under strongly acidic conditions may not delive from substitutions, but rather from broken edges and possible exposed (OH) planes.
Nature of the surface charge Sposito (1984) indicated that the exposed basal OH layer contributes to ion exchange reactions on kaolinite. Wieland and Sturnm (1992) showed that successive surface protonation at the gibbsite layer and the edge surface can account for the pH-dependent surface charge of kaolinite in acidic aqueous solutions. It is apparent that the functional OH groups at the gibbsite and edge surfaces are able to complex metal ions (Schindler and Stumm, 1987) .
Based on the consideration of surface charge density, Zhou and Gunter (1992) noted that the ionization of edges alone can not explain the magnitude of the changes in the CEC with pH. Thus, they concluded that the basal surface must also contribute to these charges. The charges on the basal surfaces are always negative but the magnitude is pH-dependent. This result implies that the basal faces of kaolinite are ionizable in aqueous solutions. Their conclusion is in agreement with this study. Comparison between theoretical and experimental CEC clearly shows the importance of the exposed basal hydroxyls' contribution to the total CEC. As shown in Table 3 , assuming that all edge sites contribute to CEC (i.e., x = 2), the basal OH surface comprises a crucial and significant part of the total CEC. Apparently, the number of hydroxyls which lose H + and become negatively charged is controlled by solution pH. Higher pH values give rise to more negative charges.
SUMMARY
Provided there are no smectite layers present, kaolinite CEC is almost entirely caused by surface charge; structural substitution is minor, generally contributing <5% of the total CEC. Determinations of particle size and CEC may be used to estimate the presence of the included smectite.
